Computational studies predict the simultaneous presence of two and even three introns in certain crenarchaeal tRNA genes. In these multiple-intron-containing pretRNAs, the introns are nested one inside the other and the pretRNA folds into a conformation that is anticipated to allow splicing of the last intron only after splicing the others. A set of operations, each consisting of two cleavages and one ligation, therefore needs to be carried out sequentially. PretRNAs containing multiple introns are predicted to fold, forming bulge-helix-bulge (BHB) and BHB-like motifs. The tRNA splicing endonuclease should recognize these motifs. To test this hypothetical scenario, we used the homotetrameric enzyme from Methanocaldococcus jannaschii (METJA) and the heterotetrameric enzyme from Sulfolobus solfataricus (SULSO). On the basis of our previous studies, the METJA enzyme should cleave only the BHB structure motif, while the SULSO enzyme can in addition cleave variant substrate structures, like the bulge-helix-loop (BHL). We show here that the processing of multiple-intron-containing pretRNA can be observed in vitro.
A ccuracy in tRNA splicing is essential for the formation of functional tRNAs and therefore for gene expression (1) . In bacteria and in higher eukaryote plastids, pretRNA introns are self-splicing group I introns; the splicing mechanism is autocatalytic. The introns are invariably located one base 3Ј to the anticodon, the canonical position. They are longer than the sequence of the tRNA itself, being able to fold into ribozymally active tertiary structures and, in several cases, containing the genes coding for maturase and reverse transcriptase (2) .
In Eukarya, tRNA introns are small and they invariably interrupt the anticodon loop one base 3Ј to the anticodon. In Archaea, the introns are also small and often reside in the same location as eukaryal tRNA introns, but not always. Based on a study encompassing 800 archaeal tRNA genes, Ϸ75% of all tRNA introns are found at position 37/38 (termed the canonical position). Twenty-five percent of tRNA introns are noncanonical and are located at various positions in the tRNA, including the anticodon loop at position 32/33, anticodon stem, variable loop, D-and T-arms, and acceptor stem (3) . In both Eukarya and Archaea, the specificity for recognition of the pretRNA resides in the splicing endonucleases (4, 5) . These enzymes remove the intron by making two independent endonucleolytic cleavages. The eukaryal enzyme normally acts in a mature-domaindependent mode (6) . There is, however, a single striking exception: a specific structure consisting of two 3-nt bulges separated by a 4-bp helix, the so called bulge-helix-bulge (BHB) motif, is recognized and cleaved in vitro by the eukaryal enzyme without any reference to the mature domain. This finding presents interesting evolutionary implications. The BHB is a universal substrate and is also cleaved by the archaeal enzymes (4) . As a matter of fact, many intron-containing archaeal pretRNAs are characterized by a BHB constructed from the intron and from exonic sequences. The archaeal splicing endonucleases, in general, remove the intron in a mature-domain-independent mode (7). Because of this independence, the intron in archaeal pretRNAs can be located in different positions relative to the mature domain. Several archaeal pretRNAs contain relaxed forms of the BHB motif, one being the bulge-helix-loop (BHL) that consists of a single 3-nt bulge and an internal loop separated by a 4-bp-helix (8) (9) (10) .
Three types of tRNA have been identified as products of archaeal genomes: nonintronic tRNA, which is encoded in a single gene with no intron sequence; intron-containing tRNA, which is encoded in a single gene with a maximum of three introns punctuating the mature tRNA sequence at various locations (3); and trans-spliced tRNA, so-called split tRNA, which has 5Ј and 3Ј halves encoded in two separate genes of the hyperthermophilic archaeal parasite, Nanoarchaeum equitans (11, 12) . Each split tRNA gene is preceded by its own promoter, so that the initial transcripts are tRNA half-molecules that need to find each other in the cell. This is guaranteed by a GC-rich sequence after the 5Ј tRNA half that has a perfect reversecomplementary match to a sequence preceding its corresponding 3Ј-tRNA half. Once these sequences are annealed, a helix forms that is proposed to facilitate the folding of the tRNA body. The junctions of these helices and the tRNAs form the introncharacteristic BHL type motifs that are then recognized and cleaved by a class of splicing endonucleases. Recently a ''tri-split tRNA'' has been described (13) . Reverse transcriptase PCR (RT-PCR) was used to verify that this tRNA is made from a total of three transcripts. In vitro processing of ''tri-split tRNA'' by purified tRNA splicing endonucleases has not yet been reported.
Three categories of tRNA splicing endonucleases have been described and characterized in archaeal genomes (8, 9, 14) : a heterotetrameric (␣ 2 ␤ 2 ) enzyme in the Crenarchaeota, and homodimeric (␣Ј 2 ) and homotetrameric (␣ 4 ) enzymes in the Euryarchaeota. Most introns located at noncanonical positions have been found in crenarchaeal genomes that encode heterotetrameric enzymes, and a few others have also been observed in the Euryarchaeota whose genomes encode homotetrameric enzymes (3) . Recent computational studies predict the simultaneous presence of two introns in certain crenarchaeal tRNAs and even three introns in tRNA Pro of Thermofilum pendens Hrk 5 (13) . In these multiple-intron-containing pretRNAs, the introns are nested one inside the other and the pretRNA folds into a conformation that presumably allows the splicing of the last intron only after the splicing of the others. A sequence of operations, each consisting of two cleavages and one ligation, needs to be carried out, one after another. The specificity for the recognition of the various types of substrates resides in the tRNA endonuclease. We describe here the in vitro processing of multiple-intron-containing pretRNA.
Results and Discussion
Candidate multiple-intron-containing pretRNAs were identified using the program SPLITSX (15) . Over the last decade, most research on the prediction and annotation of tDNAs has used the tRNAscan-SE software (16) , especially in genome sequencing projects. Because of this optimization for canonical tDNAs, using a stochastic model learned from mature tRNA structures consisting of cloverleaf structural constraints and consensus sequences, tRNAscan-SE cannot correctly identifiy Ͼ60% of tDNAs with noncanonical introns (17) . To complement tRNAscan-SE for the identification of tDNAs with noncanonical introns, the SPLITS toolkit was developed. However, SPLITS was unable to detect multiple-intron-containing tDNAs whose introns are harbored within the motif regions of tDNAs corresponding to the target sites of Virtual Footprint screening. For this purpose, Sugahara et al. (15) developed SPLITSX, an enhanced version of SPLITS. SPLITSX first predicts noncanonical introns from the whole-genome sequence on the basis of the structural prediction of BHB motifs and then, after all possible combinational patterns of intron removal, the genome sequence is automatically scanned by tRNAscan-SE.
PretRNAs containing multiple introns are predicted to form BHB-and BHL-like motifs upon folding. The tRNA splicing endonuclease and the ligase, through a series of cleavages and ligations, should lead to the formation of mature tRNA. To test this hypothesis, we used the homotetrameric enzyme from Methanocaldococcus jannaschii (METJA) and the heterotetrameric enzyme from Sulfolobus solfataricus (SULSO). On the basis of our previous studies (8, 9) , it is anticipated that, while the METJA enzyme should cleave only the bulge-helix-bulge (BHB) structure motif, the SULSO enzyme should, in addition, cleave variant substrate structures such as the bulge-helix-loop (BHL).
As typical representatives of multiple-intron-containing precursors, we used the two-intron-containing pretRNA Pro II from
Methanobacterium thermoatrophicum, (METTH), and the threeintron-containing pretRNA Pro III from Thermofilum pendens (THERPE) (18) . PretRNA Pro II from METTH is particularly interesting since it represents the only reported multiple-intron precursor in Euryarcheota. METTH has a homotetrameric endonuclease, like METJA. Fig. 1A shows the predicted tRNA secondary structure according to (18) , along with the plausible cleavage sites. One intron forms a BHB motif and, as a consequence, the base pairs in the D stem and anticodon stem are destroyed. If this prediction is correct, the removal of the first intron will be required to form the cleavage sites necessary to remove the second intron. Upon religation following the excision of the intron, the pretRNA should refold into a canonical pretRNA with a single intron localized one base 3Ј to the anticodon, as shown in Fig. 2A . Figure 1B shows that both the METJA (lane 2) and SULSO (lane 3) enzymes cleave the substrate correctly at both sites. The fact that the pretRNA Pro II is cleaved by the METJA enzyme indicates that a bona fide BHB is present (8, 9) .
To study the second step, we synthesized a reduced substrate corresponding to the molecule obtained by ligation of the halves produced from pretRNA Pro II by the two archaeal endonucleases. Fig. 2 A shows how the synthesized substrate is predicted to fold, generating a BHB motif. Fig. 2C shows, however, that the reduced substrate pretRNA Pro I is cleaved by the METJA endonuclease only at the 3Ј cleavage site, while the SULSO enzyme cleaves at both sites. To verify that both enzymes cleave at the 3Ј site, a substrate with 3Ј pCp label was tested. The correct size of the 3Ј exon was confirmed .
To probe the structure of the reduced substrate (Fig. 2B) , we digested it with RNase T1 under denaturing (lane 3), and nondenaturing conditions (lane 4). A partial hydrolysis in alkali (lane 2) was performed to determine the position of the single-stranded 3Ј-guanylate residues and the single-stranded region. While the 3Ј site appeared to be located in a canonical bulge followed by a canonical helix, the 5Ј site appeared to be localized in a loop, therefore excluding the formation of the predicted double base pairing (U-A; G-C in Fig. 2 A) . Thus, in this case, processing is presumably achieved after four cleavages and two ligations.
If two introns can be removed in sequence, what happens with triple-intron pretRNAs? A tRNA gene presenting three introns has been predicted from an in-depth analysis of the THERPE genome (18) . In the specific case of pretRNA Pro III , three BHB motifs have been predicted. Fig. 3A shows that two of these motifs can be formed simultaneously (splice sites are indicated by arrows), while the third is formed only as a consequence of the processing of the first two (Fig. 4A) . We tested THERPE pretRNA Pro III with the two archaeal enzymes. This is an interesting comparison since THERPE presents an endonuclease with a heterotetrameric architecture. Fig. 3 B and C shows that a heterotetrameric enzyme, SULSO, is capable of cleaving all of the four sites (34, 56, 86, 114), while the homotetrameric enzyme from METJA cleaves less efficiently only at three sites (34, 56, 114). To verify that the transcript is spliced at the predicted cleavage sites, a digest with Rnase T1 and a partial alkaline hydrolysis were carried out (lane 6 and 7). The different results could be explained by the fact that the substrate has evolved in an organism containing a heterotetrameric enzyme. An open question remains regarding the involvement of the ligase in intermediate steps.
To study the second step we synthesized a reduced substrate that could correspond to the molecule obtained by ligation of the halves produced from pretRNA Pro III by the endonuclease. The pretRNA Pro I (Fig. 4A) is characterized by an intron in the classical position in the anticodon loop. Fig. 4B shows that METJA endonuclease is not capable of cleaving the 5Ј site, while on the contrary the SULSO enzyme can still cleave both sites. Fig. 4B shows that the synthesized substrate is predicted to fold in a way that generates a BHB motif. In fact, what is presumably formed is a BHL motif, analogous to that described for pretRNA Pro from METTH. In the two cases described above, the predictions resulting from the bioinformatic analysis were confirmed by in vitro experiments. The latter are of fundamental importance, as shown in the case described next. It is worth acknowledging that we cannot rule out that cofactors for the endonuclease may impact cleavage site choice. On the basis of in silico evidence, it has been proposed that a single introncontaining composite tRNA gene from Haloarcula marismortui (HALMA) can give rise to two tRNA products: tRNA Ile (UAU) or tRNA Trp (CCA) (19) . Fig. 6A shows the proposed secondary structure of the pretRNA. The six arrows in the figure indicate the putative cleavage sites. Two of them, the intron start site for tRNA-Ile and the intron start site for tRNA-Trp, share the same location. A perfect three-base bulge at the 3Ј cleavage site and an expanded bulge at the 5Ј cleavage site are indicated with two asterisks (Fig. 6A) .
To determine whether the processing of tRNA Ileu/Trp implies two alternative pathways, we incubated the precursor with the homotetrameric enzyme from METJA and the heterotetrameric enzyme from SULSO. Fig. 6B shows that both enzymes cleave at the same two sites, producing a 108-base intron. The product that would result from ligation of the 5Ј and 3Ј halves is tRNA Trp . We can therefore conclude that our in vitro experiments support the existence of only one processing pathway. In essence, the mechanism proposed by others (19) for ambiguous production of the mature tRNAs from a single precursor is in contrast with our understanding of archaeal tRNA endonuclease enzymology.
In the cases of METTH pretRNA Pro II and THERPE pretRNA Pro the last substrate of the splicing pathways is a canonical pretRNA with a single intron located one base 3Ј to the anticodon. This finding is of particular importance; it was previously noted that the canonical localization of the intron corresponds to the localization of the intron in bacterial pretRNAs that are characterized by self-splicing (20) (21) (22) . We suggest that the multiple-intron-containing pretRNAs are derived from canonical pretRNAs in ancestral archaeal cells, in which a splicing endonuclease was already active. The lack of sequence conservation and the fact that introns are present in different isoacceptor groups in different organisms (18) argues in favor of the hypothesis that multiple-intron-containing pretRNAs are generated following different routes and that the only ones selected are those that existed in cells already in possession of an endonuclease capable of excising the introns precisely and therefore producing mature tRNA.
According to our hypothesis, the intron of the originally canonical pretRNAs recruits the tRNA splicing endonuclease. There are other cases described of proteins recruited by canonically located introns. A typical example concerns enzymes responsible for modification of bases, as in the case of pretRNA Trp . The Neurospora crassa mitochondrial genome group I introns self-splice but the ribozyme structure needs to be stabilized by tyrosyl tRNA synthetase to be efficient (23, 24) . The crystallographic structure of the enzyme complexed with its substrates demonstrates how the interaction with the intron motif takes place on the opposite face of the enzyme with respect to the tRNA recognition site (25) and how a specific binding site has been selected through evolution. In a scenario where insertions appeared in the tRNA genes it is therefore plausible that the already present tRNA endonuclease could be recruited for the task of removing them. While nothing is known about the mechanism of insertion, one could suggest that the integration of fragments happened at the level of the genomic DNA directly targeting the tRNA gene and not by reverse transcription of a degenerate pretRNA transcript. Since there was already a tRNA splicing endonuclease around capable of removing the introns, presumably the chance of reverse transcribing a pretRNA was drastically reduced because of rapid intron removal. This idea is also supported not only by the fact that these introns are acquired in a tRNA gene that already had an intron, but also because these introns are integrated into one another. Archaeal present-day pretRNA genes thus support an intron-late hypothesis (26) .
Multiple-intron tRNA genes are present mainly in the Creno- archeota and two Euryarcheota, METTH, and METKA (18) . The fact that the endonuclease is a heterotetramer in all these organisms, with the exception of METTH, indicates that the enzyme architecture is an important factor for adaptation to these substrates. All of the substrates tested were always processed by the SULSO endonuclease. The use of two different enzymes is fundamental to determine whether the predicted tRNA is actually spliced and how it is structured. In fact, while the first intron of pretRNA Pro from METTH appears to be correctly processed, the subsequent structure, although predicted to be an obvious BHB motif, is actually a BHL motif. This result generates two questions regarding the processing of this tRNA in METTH: is the enzyme from METTH an example of a homotetramer capable of processing the BHL motif, or can the pretRNA Pro be considered a gene inherited by horizontal gene transfer, since there are no other multiple-intron pretRNAs predicted in other archaea presenting homotetrameric enzymes? Although the fact that the first intron has a BHB motif might indicate a propensity toward a specificity acquired by the enzyme, the fact that a similar substrate is also present in THERPE seems to validate, as well the possibility of a horizontal gene transfer that produced a pseudogene in this organism whose second intron is not processed. To answer this question, it will be necessary to characterize the splicing endonuclease from THERPE.
Alernative splicing of a single pretRNA to generate multiple tRNAs products is not supported by our results. The substrate tested can be cleaved by both the METJA and SULSO endonucleases at only two sites, and therefore forms an unequivocal BHB structure. We cannot exclude the possibility that the pretRNA could be processed by an enzyme other than the tRNA endonuclease. The fact that all archaeal pretRNA Trp usually present a longer intron folded into a structure necessary for recognition by transacting box C/D ribonucleoproteins guiding the 2Ј-O-methylation of the anticodon base (27) strongly suggests that this is not the case. A very recent publication has confirmed that only one mature tRNA can be obtained (28) .
All our results support the central role of the tRNA splicing endonucleases in specific substrate recognition. Unfortunately, the gene coding for the tRNA ligase has not yet been identified so we have been unable to study the features that characterize ligase participation in the splicing reaction. It would be interesting to understand whether removal of multiple introns could also give rise to ligation products that differ from a tRNA and what their function might be, or whether intron removal takes place during or after transcription to avoid possible products of ligation that are unwanted.
Many protein coding genes contain exceptionally long introns. Evidence has been presented for subdivision of large introns in Drosophila by recursive splicing at nonexonic elements. Recursive spliceosomal splicing reduces precursors length and the time between successive splicing events across large introns (29) .
Materials and Methods
tRNA Endonucleases: Cloning, Expression, and Purification. The genes coding for the endonucleases from AF, SS, and MJ were cloned as previously described elsewhere (8) . The clones were analyzed by DNA sequencing. The protein overexpression was carried out in Escherichia coli Rosetta (Novagen). For each enzyme, 1-L cultures were grown in Terrific Broth broth with the required antibitotics at 37°C and induced with IPTG. The purification strategy was carried in two steps: a metal affinity column and a gel filtration column (8) . The purity of the enzyme was confirmed by Coomassie blue staining of SDS polyacrylamide gels.
In Vitro RNA Synthesis and PretRNA Cleavage Reactions. DNA templates were synthesized according to (9) T7 RNA polymerase transcription reactions were carried using the Ambion T7-Megashortscript kit. [␣-32 P]UTP (800 Ci/mmol; Perkin-Elmer) (1 Ci ϭ 37 GBq) was included in the transcription reaction to label the products. Transcription reactions were also carried out without the radioactive nucleotide and the ''cold'' transcript was labeled afterward, removing the 5Ј phosphate using alkaline phosphatase, and replacing it following incubation with the T4 kinase in the presence of [␥-32 P]ATP (3,000ci/mmol). Transcripts of the correct size were purified by electrophoresis on a 10% denaturing polyacrylamide gel, followed by elution, phenol extraction, and ethanol precipitation.
The same conditions were used for all of the reactions: 25 mM Tris⅐HCl (pH 7.5), 5 mM MgCl2, 100 mM NaCl, and 10% glycerol, 20 fmol of substrate, incubation for 1 h at 65°C upon addition of endonuclease. The reaction was stopped by phenol extraction and ethanol precipitated (8) . The products were separated on 10% denaturing polyacrylamide gels and analyzed on a Molecular Dynamics model Storm 860 PhosphorImager using ImageQuant software, version 4.
